The investigation on higher-dimensional AdS black holes is of great importance under the light of AdS/CFT correspondence. In this work we study static and rotating, uncharged and charged, AdS black holes in higher-dimensional f (T ) gravity, focusing on the power-law ansatz which is the most viable according to observations. We extract AdS solutions characterized by an effective cosmological constant that depends on the parameters of the f (T ) modification, as well as on the electric charge, even if the explicit cosmological constant is absent. These solutions do not have a general relativity or an uncharged limit, hence they correspond to a novel solution class, whose features arise solely from the torsional modification alongside the Maxwell sector incorporation. We examine the singularities of the solutions, calculating the values of various curvature and torsion invariants, finding that they do possess the central singularity, which however is softer comparing to standard general relativity case due to the f (T ) effect. Additionally, we investigate the horizons structure, showing that the solutions possess an inner Cauchy horizon as well as an outer event one, nevertheless for suitably large electric charge and small mass we obtain the cosmic censorship violation and the appearance of a naked singularity. Finally, we calculate the energy of the obtained solutions, showing that the f (T ) modification affects the mass term.
I. INTRODUCTION
After the formulation of the AdS/CFT correspondence [1] , namely the correspondence between gravity in a higher dimensional space and the gauge theory on its boundary, a large amount of research has been devoted in the investigation of AdS black holes [2] [3] [4] [5] [6] [7] [8] [9] . On the other hand, it has been widely discussed that if the higher-dimensional gravitational theory corresponds to modified gravity, then one obtains corrections in the gauge theory side in the strong coupling limit [10] . Finally, the role of the Maxwell sector has also be found to be important in the aforementioned duality structure [11] [12] [13] [14] .
Spherically symmetric solutions, and in particular AdS black holes, have been studied in many modified gravity theories [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , nevertheless almost all of them remain in the framework of curvature-modified gravity, namely in modified-gravity formulations which are based on the standard Einstein-Hilbert action. On the other hand, it was recently realized that one can construct new classes of gravitational modifications starting from the torsional formulation of gravity, that is from the Teleparallel Equivalent of General Relativity (TEGR) . Although black hole solutions in torsional modified gravity, such as f (T ) gravity, have been studied in the literature [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] , the detailed investigation of charged AdS black holes and in particular in higher dimensions is something that still misses.
In the present work we are interested in investigating rotating charged AdS black holes in higher-dimensional f (T ) gravity. Such an analysis will be very useful for the application of AdS/CFT correspondence in torsional gravity, which may have an important advantage relating to the boundary structure comparing to the curvature formulation. Note that although curvature-based modified gravity has usually higher-order field equations, which apart from raising ghost and instabilities issues do not allow for the extraction of analytic solutions, in the case of f (T ) gravity the equations are second-order and hence analytic solutions can be easily extracted [30] .
The plan of the work is as follows. In Section II we briefly review f (T ) gravity and we extract the equations in the presence of the electrodynamics sector. In Section III we extract uncharged and charged static AdS solutions, analyzing their singularity and horizon structure and calculating their energy. In Section IV we extract the rotating charged AdS solutions in Maxwell-f (T ) gravity. Finally, Section V is devoted to the conclusions.
II. f (T ) GRAVITY
In this section we present briefly the f (T ) gravitational theory. In torsional formulation of gravity it proves convenient to use the vielbeins fields b i µ (tetrads in four dimensions) as dynamical variables, which form an orthonormal basis for the tangent space at each point of the spacetime. These are related to the metric through
with η ij = (+, −, −, − · · · ) being the N -dimensional Minkowskian metric of the tangent space (Greek indices are used for the coordinate space while Latin indices for the tangent one). One introduces the curvature-less Weitzenböck
µ [86] , and thus the torsion tensor is defined as
which carries all the information of the gravitational field. Finally, contracting the torsion tensor we obtain the torsion scalar as
When T is used as the Lagrangian in the action of teleparallel gravity the obtained theory is the teleparallel equivalent of general relativity (TEGR), since variation with respect to the vielbeins leads to exactly the same equations with general relativity. Inspired by the f (R) extensions of general relativity, one can extend T to f (T ), obtaining f (T ) gravity, determined by the action [30] :
where |b| = √ −g = det (b a µ ) is the determinant of the metric and κ is a dimensional constant defined as κ = 2(N − 3)Ω N −1 G N , where G N is the Newtonian gravitational constant in N -dimensions and Ω N −1 is the volume of (N − 1)-dimensional unit sphere defined as
with Γ the Γ-function (in the case N = 4 we have 2(N − 3)Ω N −1 = 8π).
In this work we desire to study the charged AdS black hole solutions in the framework of f (T ) gravity. Hence, in action (4) we add the Maxwell Lagrangian too. Therefore, the considered action in this work is
where
Variation of action (6) with respect to the vielbeins leads to [30] :
∂T 2 , T em ν µ the energy-momentum tensor of the electromagnetic field defined as
and S µ να the superpotential tensor, which is anti-symmetric in the last two pairs, defined as
Additionally, variation of (6) with respect to A µ gives:
The above equations determine Maxwell-f (T ) gravity in arbitrary dimensions.
III. ANTI-DE-SITTER BLACK HOLE SOLUTIONS
In this section we extract AdS charged black hole solutions in general dimensions in the case of f (T ) gravity. Using cylindrical coordinates in N dimensions (t, r, φ 1 , φ 2 , · · · , φ n , z 1 , z 2 · · · z k ), with k = 1, 2 · · · N − n − 2, in which 0 ≤ r < ∞, −∞ < t < ∞, 0 ≤ φ n < 2π and −∞ < z k < ∞, we consider the vielbein [71] :
, r, r, r · · · ,
which corresponds to the metric
where the functions B(r) and B 1 (r) depend only on the radial coordinate r. Substituting the vielbein form (10) into the torsion scalar definition (3) we find
and from now on we omit the arguments in B,B 1 ,B ′ ,B ′ 1 . Finally, since the power-law f (T ) form is the one with best agreement with cosmological data [87] [88] [89] , in the following we focus our analysis to the choice
with β and γ the model parameters and where we have included an explicit cosmological constant for completeness.
A. Asymptotically static AdS black holes
We start our investigation by extracting asymptotically static AdS black holes in the case of absent electromagnetic sector, namely considering T em ν µ = 0. In this case, inserting the vielbein (10) into the general field equations (7), (9) we obtain the following non-vanishing components:
In the case of the f (T ) form (13) these equations reduce to
where T ′ ≡ dT (r)/dr is calculated through (12) . A first observation is that Eq. (15) is a third-order algebraic equation and hence it implies that T = T 0 = const.. Hence, the differential equation (12) for T = const. leads easily to the general solution
where m is an integration constant related to the mass parameter, and the function h(r) is calculated by inserting (18) into (16), (17), giving
in the case where we set the explicit cosmological constant Λ to zero (in which case
). In the above expressions the constant Λ ef f is given by
and we can clearly see that it plays the role of an effective cosmological constant. The important observation here is that we obtain an effective cosmological constant that arises solely from the f (T ) modification, even if the initial explicit cosmological constant is absent. Hence, interestingly enough, the structure of the f (T ) gravity leads to an effective cosmological constant and in the case where it is negative the solution is an AdS one. This feature, namely the induction of an effective cosmological constant due to the f (T ) structure, was indicated to happen in f (T ) gravity [72, 90] , however in the present work we show robustly that it does appear and moreover in general dimensions.
We mention that the above solution exists only for γ = 0. In the case where β = γ = 0 and Λ = 0 then Λ ef f ∝ Λ, that is we recover standard TEGR i.e general relativity with a cosmological constant, and its Schwarzschild-(A)dS solution. Lastly, note that although B(r) and B 1 (r) differ by a constant, the g tt and g rr components of the metric have the same Killing and event horizons. The solution has a singularity at r = 0, while it possesses a horizon at m = Λ ef f r N −1 .
We continue our analysis for the special choice where
with β = 0, since in this case even for Λ = 0 the solution has B(r) = B 1 (r). In particular, following the above steps we extract the solution
where m is an integration constant related to the mass parameter and where
Similarly to the previous case we obtain an effective cosmological constant which now depends on the parameter β and the space dimensionality N . In the case where β > 0 we obtain an AdS solution. The horizon of the solution (23) is again at m = Λ ef f r N −1 .
B. New charged AdS black hole solutions
Let us now proceed with the analysis of the charged solutions, that is we consider also the electromagnetic Lagrangian L em in (6), choosing additionally without loss of generality the vector potential to have the general form A = q(r)dt. Imposing again the N -dimensional vielbeins of (10), the field equations (7),(9) have the following non-vanishing components:
dr . In the case of the f (T ) form (13) these equations reduce to
Although the above equations in the case of a general Λ can be solved only numerically, analytical solutions can still be extracted when Λ is given by (21) . In this case the general N -dimensional solution takes the form
with h(r) = 1 + 2q
and with m,q = 0 being the constants of integration related to mass and electric charge respectively. We stress that the above solution exists only for q = 0, since for q = 0 we have the solutions of the previous subsection, thus it arises from the structure of the electromagnetic sector. Let us now discuss on the properties of the above solution. First of all, inserting (26) into (10) and then into (1) we obtain the metric as
As we observe, in this case the solution is more complicated, however it is still asymptotically AdS or dS according to the sign of q. We mention the interesting feature that the effective cosmological constant is a result of the electric charge. Nevertheless, note that both β and γ are important for the solution structure, and hence this solution does not have a TEGR, i.e. general relativity, limit, nor an uncharged one. Moreover, this solution subclass is also outside the ones obtained in [71, 82] , due to the use of more general f (T ) forms in the present work. Therefore, solution (26) corresponds to a new charged AdS black hole in power-law f (T ) gravity. Additionally, we mention here that apart from the difference in the metric part, the above solution has also a difference in the charge structure too, comparing to those obtained in [71, 82, 85] , since the potential q(r) depends on a monopole and higher-order electromagnetic potential. This electromagnetic potential will have a vanishing value only when the constant q = 0, which is not allowed in the above solution, and thus this implies that within the framework of f (T ) gravity we cannot find a charged solution with monopole only.
We now proceed to the investigation of the singularity structure of the solution, by calculating curvature and torsion invariants. The curvature scalars are calculated from the metric (29) while the torsion scalar is calculated through the vielbeins (10), or straightaway from (12) . Additionally, observing the solution (12) we deduce that it is adequate to focus our analysis close to the roots of the function h(r). Calculating the Ricci scalar, the Ricci tensor square, and the Kretschmann scalar, we respectively find:
while calculating the torsion scalar we respectively obtain:
where F i (r) are polynomial functions of r. The above invariants first of all show the singularity at r = 0. Close to r = 0 the behavior of these invariants are given by (K,
, in contrast to the solutions of the Einstein-Maxwell theory in both general relativity and TEGR formulations which have (K, R µν R µν ) ∼ r −2N and (R, T ) ∼ r −N . This shows clearly that the singularity of our charged solution is softer than the one obtained in GR and TEGR for the charged case. Finally, notice that although in the solution the g tt and g rr components of the metric are different, they have the same Killing and event horizons. In a similar way we can investigate the horizons of Eq. (26), which can alternatively be calculated examining the roots of B(r) = 0. In the case of four dimensions in Fig. 1 we depict B(r) of solution (26) , for various values of the model parameters. From this graph we can see the two roots of B(r) that define the black hole inner Cauchy horizon r − and the black hole outer event horizon r + [91] . As we observe, as q increases and m decreases, and in particular for q > m, we enter in a parameter region where there is no horizon, and thus the central singularity is a naked singularity. This is an interesting result showing that the cosmic censorship does not always hold for Maxwell-f (T ) gravity (we mention that we see the issue from the mathematical point of view and we do not examine whether such a solution can indeed be formed physically through gravitational collapse), although it does hold in the absence of the electromagnetic sector (indications of this feature had also been discussed in [71, 85] ). Moreover, note that for suitable m and q the two horizons coincide and become degenerate, namely we obtain r − = r + ≡ r dg .
Finally, in order to present the above features in a different way, in Fig. 2 we depict the value m + of the parameter m that corresponds to the horizon r + , which is obtained setting B(r + ) = 0, namely
FIG. 2:
The value m+ of the parameter m that corresponds to the horizon r+, of solution (26) of Maxwell-f (T ) gravity in four dimensions, for various values of the electric charge q in units where κ = 1. The horizontal line at m+ = 0 is drawn for convenience.
C. Energy of the AdS black holes
In this subsection we discuss the energy issues of the obtained solutions. In general f (T ) gravity and for general geometry, equation (7) can be rewritten as
where t αβ is defined as [92, 93] 
Due to the fact that the superpotential S aνλ is antisymmetric in the last two indices, we have ∂ α ∂ β bS aαβ f T = 0, which using (32) gives ∂ β [b(t aβ + T em aβ )] = 0, which leads to
Hence, we can now interpret Eq. (34) as the conservation law of the energy-momentum tensor T em λµ and t λµ .
Therefore, t λµ can be interpreted as the energy-momentum tensor of the gravitational field in f (T ) theory [92, 93] .
Hence, the energy-momentum of f (T ) gravity in (N − 1)-dimensional volume V writes as
Note that the above expressions recover the known results of TEGR in the case f (T ) = T . Let us now apply the above general analysis in the specific class of power-law f (T ) gravity and for the AdS black hole solutions obtained above, namely for expressions (22) and (26) . Inserting solution (22) into the above general expressions gives
where we have replaced κ by κ = 2(N − 3)Ω N −1 G N . Similarly, inserting (26) into the general energy expressions gives
As we observe the f (T ) modification has an effect on the mass term of the energy of standard TEGR [92, 93] , while the charge term does not appear up to O 1 r . The charge term will contribute to the calculation of energy starting from O 1 r 4/3 , in contrast to Reissner-Nordström spacetime. This difference comes from the contribution of the function h(r) given in relation (26) .
IV. ROTATING BLACK HOLES IN MAXWELL-f (T ) GRAVITY
We close this work by deriving rotating solutions that satisfy the field equations of power-law f (T ) gravity. In order to do so, we will be based on the static solutions extracted above. In particular, we apply the following transformations with n rotation parameters:
with a i the rotation parameters (their number is n = ⌊(N − 1)/2⌋ where ⌊...⌋ marks the integer part), and where the parameter λ is related to the parameter Λ ef f of the static solution through
Additionally, ℵ is defined as
Applying the transformation (38) to the vielbein (10) we obtain
where B(r) and B 1 (r) are given by the previously extracted static solution (26) . Hence, for the electromagnetic potential (27) we obtain the formq
Note here that although the transformation (38) leaves the local properties of spacetime unaltered, it does change them globally as has been shown in [95] , since it mixes compact and noncompact coordinates. Thus, the vielbein (10) and (40) can be locally mapped into each other but not globally [94, 95] . The metric that corresponds to the vielbein (40) is written as
where 0 ≤ r < ∞, −∞ < t < ∞, 0 ≤ φ i < 2π, i = 1, 2 · · · n and −∞ < z k < ∞, and where dz 2 k is the Euclidean metric on (N − n − 2) dimensions with k = 1, , 2 · · · N − 3. We mention that the static configuration (11) can be recovered as a special case of the above general metric when the rotation parameters a j are chosen to be vanished. Additionally, note that the line-element (42) is created when the Minkowskian metric in (1) takes in cylindrical coordinates the
It is of interest to note that the torsion components of the above Minkowski metric are vanishing. In summary, we have managed to extract the rotating charged AdS black hole solution in power-law f (T ) gravity. This is a novel solution and one of the main results of the present paper. Concerning the singularity properties, as we observe from the structure of (42), this will be the same with the static solution of (29) . Hence, all the results and the discussion in subsection III B are valid for the rotating solutions above too. Thus, at r = 0 we obtain a singularity, and close to r = 0 the behavior of the invariants is (K,
, in contrast to the charged solutions of general relativity and TEGR theories. Additionally, the horizon structure is qualitatively similar to the one discussed in the end of subsection III B, and we do obtain the cosmic censorship violation and the appearance of a naked singularity for suitable large q. Finally, concerning the energy of the rotating charged AdS black hole (42) , following the procedure of subsection III C it is calculated as
V. CONCLUSIONS
After the formulation of the AdS/CFT correspondence there is an increasing interest in the extraction and study of (higher-dimensional) Anti-de-Sitter black hole solutions. Apart from standard gravity, the investigation extends to various gravitational modifications as well as in the case where the Maxwell sector is also present. Nevertheless, almost all of the works remain in the framework of curvature-modified gravity. Thus, in the present manuscript we investigated static and rotating, uncharged and charged, AdS black holes in higher-dimensional f (T ) gravity, focusing on the power-law ansatz which is the most viable according to observations.
In the case where the electromagnetic sector is absent we extracted AdS static solutions, which are characterized by an effective cosmological constant that depends on the f (T ) modification. In the case where we switch on the Maxwell sector, we analytically obtained charged static solutions, which are asymptotically AdS, characterized by an effective cosmological constant that depends on the parameters of the f (T ) modification, as well as on the electric charge. Hence, these solution subclasses do not have a TEGR, i.e. general relativity limit, nor an uncharged one, and they correspond to new charged AdS black holes in power-law f (T ) gravity, where their features arise solely from the torsional modification alongside the Maxwell sector incorporation. Finally, we showed that in the extracted solutions the potential q(r) depends on a monopole and higher-order electromagnetic potential, and thus within the framework of f (T ) gravity we cannot find a charged solution with monopole only.
As a next step we examined the singularity structure of the solutions, calculating the values of various curvature and torsion invariants, showing that they do possess the singularity at r = 0, which however is softer comparing to the standard general relativity case due to the f (T ) structure. Additionally, we investigated the horizons of the solutions, showing that the solutions possess an event horizon as well as a cosmological horizon. Nevertheless, for suitably large electric charge and small mass we obtain the cosmic censorship violation and the appearance of a naked singularity. Finally, we calculated the energy of the obtained solutions, showing that the f (T ) modification affects the mass term.
Based on the analysis of static solutions, through suitable transformations we were able to extract rotating AdS solutions of Maxwell-f (T ) gravity. Similarly to the static case, the effective cosmological constant arises from the f (T ) modification and the the Maxwell sector. Additionally, the singularity and horizon properties are the same with the uncharged case. These solutions also do not have a TEGR or an uncharged limit, and they correspond to a novel class.
The extraction of AdS black holes in f (T ) gravity may be very helpful towards the investigation of AdS/CFT correspondence in torsional framework. This direction is expected to have advantages comparing to the standard curvature-based formulation, due to the known relations between curvature and torsion invariants through boundary terms.
